lowering tree resistance or raising the population size above the density threshold required to colonize and kill healthy trees (Christiansen and Bakke 1988) . Such outbreaks may last several years, can cause important economic losses (Schelhaas et al. 2003) , and usually end when the supply of suitable breeding material is exhausted or trees recover their resistance (Økland and Bjørnstad 2006) .
At the regional scale, I. typographus population dynamics is expected to be strongly affected by climatic factors (Kausrud et al. 2011) . Warmer spring and summer temperatures generally accelerate bark beetle development, thus increasing attack probabilities for standing forests (Jönsson et al. 2009 , Marini et al. 2012 . Moreover, severe drought events combined with warm temperatures can impair tree water supply and enhance tree susceptibility to I. typographus attacks (Wermelinger 2004 , Netherer et al. 2015 . Storm disturbance is another key driver of population outbreaks as shown by several studies analyzing long term regional fluctuations of bark beetle damage (Økland and Berryman 2004 , Økland and Bjørnstad 2006 , Marini et al. 2013 . Storms provide a surplus of suitable host material in the form of wind-thrown trees devoid of vital defenses. Mass propagation of bark beetles even in small storm gaps potentially results in gradations strongly impacting the surrounding, still standing forests (Schroeder 2010 , Kärvemo et al. 2014 . Despite ample investigation of these factors regionally, a large-scale synthesis of outbreak data is still missing.
Potential positive synergies between density-independent processes such as climate drivers may also affect outbreak propensity. A positive synergy implies interactions among drivers whereby the total effect on a population outbreak is greater than the sum of each individual driver contribution. For instance, standing trees may be at higher risk of mortality when drought and high temperatures coincide (e.g. 'hotter drought ' Millar and Stephenson 2015) , or when the effects of storm and drought co-occur (Worrell 1983) . In previous studies analyzing time-series of I. typographuscaused tree mortality Berryman 2004, Marini et al. 2013) , the low frequency of storms, the short length of the time-series and the relatively small spatial extent of the regions examined have constrained the exploration of these synergies. Although these interactions have often been hypothesized based on observations of single regional outbreaks (reviewed by Wermelinger 2004 , Kausrud et al. 2011 ) no large-scale empirical test has been possible to date. This significant knowledge gap is currently preventing our ability to predict the potential destructive impact of I. typographus under a global change scenario.
Although the role of top-down biotic factors is considered secondary compared to the abiotic triggers explained above (Marini et al. 2013 ), a strong indication for a negative density feedback regulating I. typographus populations was shown at the regional scale (Økland and Berryman 2004 , Marini et al. 2012 . First, availability of breeding material can strongly regulate I. typographus populations given, for instance, the lack of suitable stressed trees after large demographic explosions. Second, at high population density when offspring are forced to attack unsuitable healthy trees, many individuals are exposed to the risk of colonization failure or at least of lower performance (Komonen et al. 2011 ). Understanding how density-dependent factors affect attack dynamics may be critical for predicting the future trajectory of outbreaks.
Distribution of I. typographus in western Europe covers a wide climatic range from Scandinavia to the southern Alps. Despite proven local correlations (reviewed by Wermelinger 2004 , Kausrud et al. 2011 , Grégoire et al. 2015 , Seidl et al. 2015 , it is unknown to what extent the drivers described above control outbreak dynamics along this broad latitudinal gradient. Furthermore, potential synergies among drivers have been largely overlooked, although we expect that several variables associated with climate change may interact to influence outbreak dynamics. Here, we examined 17 time-series collected across Europe documenting timber volume loss due to I. typographus. When attacking standing trees, I. typographus is obliged to kill the plant to reproduce. Hence, tree mortality is expected to be positively related to population abundance. This is the largest such time-series analysis that we know of, describing volume of timber loss over the last three decades. Specifically, we aimed to quantify the relative importance of direct key climate drivers -i.e. temperature warming, rainfall deficit and storms -also testing for potential positive synergies among outbreak drivers.
Material and methods

Study region
The study included 17 separate time-series, each from a different geographic area from 8 different European countries (Fig. 1) . Each country developed their own monitoring program resulting in one or more time-series. The spatial distribution of the areas covered a wide latitudinal gradient capturing most of the climatic range of spruce including the southernmost (Italy) and the northernmost part (Scandinavia) of the species range (for a detailed description see Supplementary material Appendix 1). The 17 areas differed in territory size from a minimum of ca 10 000 to a maximum of ca 100 000 km 2 . At this spatial resolution, we expected local variables such as topography and forest structure and management to be less important than climate drivers. Some areas comprised the natural range of spruce while others consisted solely of artificially planted forests (Table 1) . Spruce growing stock varied significantly between areas and regional forest management ranged from selective cutting to clear-cut. As common practice in all areas, wind-thrown timber was salvaged, i.e. breeding substrates were preventively removed. Timely removal of wind-thrown timber is considered a key practice in the integrated management of I. typographus across Europe (Wermelinger 2004 ). However, a complete and timely removal of wind-thrown timber and standing infested trees was not always possible because single wind-felled trees, and small groups of killed trees are hard to detect and costly to remove. After extensive storm events (e.g. storm 'Gudrun' in Sweden in 2005) large amounts of wind-thrown timber remained in the forest during the first summer due to limited harvesting resources. In addition, in strict reserves (e.g. National Parks in Germany or Austria) no harvesting is permitted. According to regional climate, univoltine populations (one generation per year) are predominant in the north and at high elevations in the Alps, while bivoltine populations (two generations per year) prevail towards the south and at lower elevations in Europe (Wermelinger 2004) .
Data on timber loss
For each area, data were assembled from separate national forest monitoring programs. A single time-series was available for 5 countries (Sweden, Norway, Italy, Austria and Belgium) while Switzerland, France and Germany provided several time-series relating to specific sub-regions (Fig. 1) . Ips typographus populations have a natural tendency to aggregate and produce easily recognizable groups of trees that are killed in any given year (hereafter labeled 'spots') (Marini et al. 2012) . For each area, we built a time series of annual timber loss by summing the volume of standing trees killed (m 3 ) that occurred each year. Estimates of annual timber loss also included spots that were not detected until the following year. These data describe the delay between beetle attacks in late summer by second or even third generations, and the visible symptoms of tree death (discolored foliage) in the following spring (see Supplementary material Appendix 1 for more details about the methods). The basic assumption of our modeling approach is that the volume of timber loss was directly and monotonically related to I. typographus population density (Faccoli 2009, Kausrud et al. 2011). For a similarly aggressive bark beetle in the southern U.S., time series analyses of beetle population dynamics gave very similar results whether based on timber losses or insect abundance (Friedenberg et al. 2008) .
The data also included the volume of timber felled by storms in both winter and summer (Supplementary material Appendix 1). The storm-felled volumes were linked to the first summer they were available for I. typographus reproduction. Although the methods of data collection differed among and within countries, our mixed model approach accounted for these differences between areas by including an appropriate random structure (see data analysis section).
Climate drivers
Temperature is the most important determinant of developmental time and voltinism of I. typographus (Annila 1969 , Wermelinger and Seifert 1998 , Jönsson et al. 2011 . Warm spring and summer temperatures support an earlier completion of the first filial generation and the establishment of sister and successive generation broods (Wermelinger and Seifert 1998) . For each year, we quantified a thermal sum between 1 May and 30 July (Temperature) with a temperature threshold of  5°C (Netherer and Pennerstorfer 2001, Jönsson et al. 2009 ). Ips typographus normally overwinters as adults, and complete development to the adult stage prior to winter is usually required for survival (Faccoli 2002) . Since direct winter mortality is not commonly an important factor in population dynamics (Faccoli 2002 , Koštál et al. 2011 , Marini et al. 2013 ), we did not include any climatic metric related to winter temperatures. In preliminary analyses we tested the effect of minimum winter temperatures (averaged across December, January and February) and found no effect. Due to the large number of potential drivers and interactions, to reduce model complexity we omitted this variable from the models presented in the main text.
Severe rainfall deficit is suggested to be an important factor explaining I. typographus population density in southern Europe (Faccoli 2009 , Marini et al. 2012 . Recently, drought-induced alterations in tree attractiveness and resistance to I. typographus were experimentally documented (Netherer et al. 2015) . To test for the effects of spring and summer drought we quantified the cumulative rainfall between 1 March and 31 July. To avoid correlation with thermal sums, we did not use temperature-based drought indexes. In the current data set rainfall and summer temperature were only weakly negatively correlated across the selected study areas (r s  -0.258). For each of the 17 areas, we computed the climatic parameters as described above using daily climatic data derived from the European gridded observational dataset (E-OBS, ver. 6) with a spatial resolution of 0.5  0.5 degrees covering the period 1980-2011 (Haylock et al. 2008) . We chose to use these data to have comparable and representative climatic time series across the 17 areas. As explained below our statistical approach focused on explaining the temporal dynamics in timber loss using the inter-annual variation in climate. Hence, the spatial resolution and the absolute values of the climatic data did not affect our analyses. factor to account for differences between monitoring methodology and local conditions. We fitted a random intercept model. With our information-theoretic approach we compared the fit of all the possible candidate models nested within the following statistical model (global model): R∼ main effects (Timber
. Each explanatory variable included in the analyses was standardized within each area to mean 0 and standard deviation 1 to make slopes comparable. This standardization is necessary to correctly interpret effect sizes when interactions are included (Gelman 2008) .
The fit of each model in the set was then evaluated using second-order Akaike's information criterion corrected for small sample size (AICc). The best fit is indicated by the lowest AICc (AICcMIN). In a set of n models each model i can be ranked using its difference in AICc score with the best-fitting model (ΔAICc i  AICci -AICcMIN). A model in a set can be considered plausible if its ΔAICc is below 7 (Burnham et al. 2011) . We also computed the model weight (w i ) as the weight of evidence in favor of each model. The weight w i represents the relative likelihood of a model and can be interpreted as the probability that model i is the best model, given the data and the set of candidate models. When there was more than one plausible model selected, we calculated a model-averaged partial coefficient for each predictor. Parameter estimates obtained by model averaging are robust in the sense that they reduce model selection bias and account for model selection uncertainty (Johnson and Omland 2004) . To further avoid the inclusion of uninformative parameters in our model selection, we reported the 95% confidence intervals (CIs) around model-averaged partial slope coefficients. The predictor effect is supported when the unconditional CIs did not include zero (Arnold 2010) .
To evaluate the goodness-of-fit of our models we quantified the marginal R 2 GLMM (Nakagawa and Schielzeth 2013) , that gauges the variance explained by the fixed effects as a proportion of the sum of all the variance components (i.e. total variation). The multi-model inference analyses and the R 2 GLMM estimation were performed using the 'MuMIn' package (Barton 2014) implemented in R ver. 2.13.0.
Before performing the multi-model inference analyses described above, we tested for potential collinearity between the predictors included in the global model using variation inflation factor (VIF). Usually a VIF  10 indicates severe multicollinearity problems (Neter et al. 1990 ). We fit the mixed model described above without interactions and computed the VIF for each predictor using the 'car' package in R. All the predictors had a VIF  2 indicating very low collinearity in our dataset.
Results
The multi-model inference analysis indicated that the rate of timber loss due to I. typographus was affected by several climatic variables with both additive and interactive effects. Overall, climate explained more than one third of the total
Data analysis
Dynamics of timber loss
Our dependent variable was the rate of timber loss R  ln(Timber loss t /Timber loss t-1 ), where Timber loss t is the volume of timber loss due to I. typographus in a given year t. When R is positive the timber loss increases from year t -1 to year t, and when it is negative the timber loss decreases from year t -1 to year t. In some regions, several years had timber loss values of zero. This indicated either that the species reproduced only in fallen trees or that the volume of attacked standing forests was too low to be detected by foresters. From a population dynamics perspective, a density of 0 cannot occur and we therefore excluded these years from the analyses. The final dataset included a total of 355 data points (yearly data) across the 17 areas. We used a discrete model of population dynamics as the baseline for developing and comparing competing models for inter-annual variation in volume of timber loss due to I. typographus attacks (Marini et al. 2012) . First, we hypothesized that R would exhibit endogenous negative feedback (density dependence). If negative, this feedback is expected to be related to intraspecific competition for breeding substrate (Økland and Berryman 2004) , or to a shift to more well-defended standing trees, resulting in higher beetle mortality and reduced beetle productivity (Komonen et al. 2011) . In preliminary analyses we also tested the effect of delayed density dependence (i.e. Timber loss t-2 see Marini et al. 2012 ) and always found a much better fit to the data with a one-year lag. Therefore, we did not consider Timber loss t-2 in the detailed model selection procedure presented here.
As density-independent, exogenous variables we considered three climatic predictors: temperature, storm, and rain. Rainfall and temperature are expected to have both a direct and indirect effect on insect performance (Baier et al. 2007) and were therefore tested both in the previous (Rain t-1 and Temperature t-1 ) and current year (Rain t and Temperature t ). Volume of forest felled by storm was only included with oneyear lag (Storm t-1 ) because killing of standing trees generally starts in the second summer after a storm. During the first summer insects attack storm-felled trees, the offspring switch to standing trees the second summer (Schroeder 2001 , Kärvemo et al. 2014 . Along with the main effects we considered two groups of interactions that were ecologically plausible. The first group included interactions between storm-felled trees and current climate, i.e. Storm t-1  Rain t and Storm t-1  Temperature t . Strong support for these interactions in the analyses would indicate that the climatic conditions during the current year would have a different effect on timber loss rate depending on the availability of stormfelled trees in the previous year. The second included potential interactions between temperature (Temperature) and rainfall (Rain) tested with no lag (t) and 1-year lag (t -1). This interaction should capture potential synergistic effects of low rainfall and high temperatures (i.e. 'hotter drought').
Our analyses were based on an information theoretic approach to evaluate alternative competing models involving the density-dependent and independent variables to explain timber loss rate (R) (Burnham and Anderson 2002) . We used linear mixed effect models to estimate model parameters. We included area (n  17) within country (n  8) as a random the rate of timber loss (Fig. 2) . The variable Storm t-1 (stormfelled trees) was log-transformed and therefore the response was strongly non-linear. We also found strong support for a negative effect of the volume of timber loss (i.e. trees killed by I. typographus) in the previous year (Fig. 2) , suggesting negative density-dependence in the I. typographus population. We did not find clear support for the main effect of temperature in the previous year and rainfall in the current year on the rate of timber loss. Because all the variables were standardized to mean 0 and SD 1, the effect sizes indicated the relative importance of the climatic variables (Fig. 2) . In all of the plausible models (ΔAICc i  7), three specific interactions were included. None of them indicated a synergistic effect between drivers. The first was the interaction between current year temperature and rainfall in the previous year suggesting that the positive effects of warmer temperatures was unexpectedly reduced when rainfall in the previous year was low (Fig. 3a) . The second was the interaction between temperatures in the current year and volume of storm felled trees in the previous year. This interaction indicated that the effect of current temperatures on the rate of timber loss was more pronounced when the previous year was characterized by relatively small volume of storm-felled forests while the temperature effect diminished when the size of the storms increased (Fig. 3b) . The third was the interaction between rainfall in the current year and volume of storm felled trees in the previous year; i.e. the negative effect of current year rainfall on the rate of timber loss was more pronounced when the previous year was characterized by small volume of storm-felled forests while this effect diminished when the size of the storms increased (Fig. 3c) .
Discussion
Several climatic variables were important drivers of timber loss due to I. typographus, corroborating previous research showing that climate change can affect the outbreak dynamics of the most destructive pest of Norway spruce. Increasing variation across the 17 studied areas (Table 2) . Model selection uncertainty was relatively low, and two models had ΔAICc i  2 and 8 models had 2  ΔAICc i  7. The rate of timber loss was related to summer temperatures and rainfall, i.e. the rate of timber loss due to I. typographus increased after a dry year and when summer temperatures of the current year were relatively high (Fig. 2) . We found a positive effect of the volume of storm-felled forests in the previous year on Table 2 . Results of the multi-model inference analysis testing the effects of climatic variables on the rate of timber loss across the 17 areas. For each model with ΔAICc  7, estimates are reported along with marginal R 2 GLMM , ΔAICc, and model weight (w i ). All variables were standardized to mean 0 and standard deviation 1. Storm t-1 was log-transformed before standardization.
Model rankuing
Intercept Temperature . Positive values are associated with an increase in R (timber loss rate). All variables were standardized to mean 0 and standard deviation 1 (i.e. effect sizes are comparable). Storm t-1 was log-transformed before standardization.
We found a strong positive effect of the volume of stormfelled forests in the previous year on the rate of timber loss due to I. typographus. After a wind-felling episode, large volumes of trees may be suitable for colonization and I. typographus populations can build up quickly (Christiansen and Bakke 1988 , Kärvemo et al. 2014 , Stadelmann et al. 2014 , Grégoire et al. 2015 . This fact underlines the urgent need for tools that allow for the reliable prediction of forest stand susceptibility to storm damage (Buma 2015) , which will strongly improve our ability to predict I. typographus population dynamics (Seidl et al. 2011a ). The effect was non-linear indicating a stronger effect on I. typographus attacks between summer temperatures, rainfall deficit and availability of storm-felled trees were strongly related to an increase in timber loss. Although we found no synergies between outbreak drivers, several interactions among drivers indicate that, even in the absence of storms, climate change stressors such as drought and temperature warming can boost bark beetle populations and increase forest damages. Our results suggest that the expected trends in climate change may have severe but predictable consequences for European spruce forests from the Alpine regions in the south to the Scandinavian regions in the north causing severe economic and ecological costs for European forests. Figure 3 . The panels show the three interactions included in the set of plausible models: (a) Temperature t  Rain t-1 , (b) Temperature t  Storm t-1 and (c) Rain t  Storm t-1 . R  0 indicates that the timber loss increased from year t -1 to year t. The plots were produced using the visreg() function in R in order to visualize the interaction between two continuous variables. The fitted lines indicate the model estimates while the shaded area indicated the intervals of confidence (95%). Cross-section between 'low' and 'high' was taken at the 50th quantile. For instance, in (a) the observations were split according to rainfall: the observations on the left panel are below the median rainfall value while the observations on the right panel are above the median. All variables were standardized to mean 0 and standard deviation 1. Storm t-1 was log-transformed before standardization.
when this crucial population density is surpassed, positive feedback can predominate and factors that usually constrained low densities can be overcome (Raffa et al. 2008) . The increase in timber loss was therefore less dependent on other abiotic factors when the storms were very large. There are several examples of large storms that were followed by large outbreaks, even if the year after the storm was not particularly dry or warm (Nikolov et al. 2015) . Similarly, we found no effect of 'hotter drought' on I. typographus outbreak. Interestingly, the occurrence of a drought event in the previous year even tended to cancel out the positive effect of temperature warming.
We found a marked negative correlation between the rate of timber loss and the total volume of timber loss due to I. typographus in the previous year. This suggests that resource availability for breeding played a key role in regulating population sizes Bjørnstad 2003, Økland and Berryman 2004) . This relationship may be due to resource depletion, i.e. more attacks the year before consume resources and make less susceptible host material available the following year. This natural mechanism of population regulation is likely associated with competition for breeding substrate, in addition to less favorable host quality Berryman 2004, Marini et al. 2013) . When local bark beetle populations become large compared to the availability of susceptible trees (i.e. storm-felled or standing stressed trees), colonization densities (i.e. number of maternal galleries per area) will be higher resulting in reduced reproductive success. In addition, insects may be forced to attack living and healthy trees resulting in higher attack density and lower reproductive success (Komonen et al. 2011) . Defense capacity and relative resistance of healthy spruce trees are generally much larger than those of felled trees and may expose many individuals to the risk of colonization failure (Schiebe et al. 2012) or at least of a lower reproductive success (Komonen et al. 2011) . The combination of host depletion and increased local competition may be responsible for the observed negative density-dependence (Kärvemo 2015) .
The unexplained variation in timber loss dynamics was relatively high (ca 65%), and a likely result of several factors. First, the direct influence of forest structure (e.g. age, growing stock etc.) and management is one putative driver for the observed variation in timber loss (Seidl et al. 2011b ). However, due to the relatively large spatial extent of our study areas, we could not test ecologically meaningful forest variables. Second, although it has been considered that the role of top-down biotic factors is secondary compared to the abiotic triggers explained above, natural enemies can also drive I. typographus populations (Wermelinger 2004 , Marini et al. 2012 . Although natural enemies likely contributed to decreasing the frequency and/or extent of outbreaks, and could explain some of the variation in timber loss rate (Kausrud et al. 2011) , the role of predation or parasitism in driving outbreak dynamics remains unclear.
Conclusions
Although the geographic areas investigated differed in outbreak magnitude, forest management, and general climate, we showed clear and predictable abiotic and biotic years with no storms and years with moderate storms. This non-linear relationship could be explained by the fact that extremely large storms may create a surplus of wind-felled trees remaining in the forest that can be attacked by beetles also the second summer (at least under Scandinavian and Alpine climate conditions) (Schroeder 2010 ) thereby reducing the expected attacks on standing trees again the second summer (Kärvemo et al. 2014 ). In addition, after extremely large storms the beetles may only be able to utilize a minor part of the storm-felled trees.
We found support for a positive effect of current summer temperatures on rate of timber loss due to I. typographus. Years with warm summers were generally characterized by an increase in timber loss. Warmer summer temperatures generally reduce bark beetle development time, increase performance and fitness, and are therefore expected to increase population impacts on forests (Bale et al. 2002 , Jönsson et al. 2009 , Stadelmann et al. 2013a , Bentz and Jönsson 2015 . In our study the effect of warm temperatures was positive across South and North Europe, confirming the high plasticity of I. typographus in response to temperature variations (Dolězal and Sehnal 2007) . The capacity of I. typographus to modify generation time with changes in thermal regimes allows the species to exploit improved thermal conditions both at low and high latitudes (Jönsson et al. 2009 ). In an earlier timeseries study at the southernmost part of the host range, summer temperatures of the previous year emerged as a critical factor (Marini et al. 2012 ). This discrepancy was probably linked to local differences in population dynamics, i.e. in the south the effect of warm temperatures can contribute to impair host tree resistance more than in the regions investigated here.
In addition to the positive effect of current summer temperatures, low summer rainfall was an important driver of rate of timber loss. Several studies confirmed that lower than average summer rainfall seems to generally favor I. typographus infestations (Faccoli 2009 , Marini et al. 2012 . This is consistent with previous research indicating that drought may increase the availability of physiologically compromised trees and trigger I. typographus outbreaks (Kausrud et al. 2011) . Recent experimental work has provided empirical evidence that water-limiting conditions impair Norway spruce resistance to bark beetle attacks (Netherer et al. 2015) . The response of spruce-bark beetle interactions to drought is therefore complex and more effort should be made to explore potential non-linear or interactive effects with other global change drivers (Lenton 2011 , Meddens et al. 2015 .
Contrary to general expectations, we found interactive but no synergistic effects of temperature warming, rainfall deficit and storms. The positive effect of temperature was more pronounced when other predisposing factors were absent, i.e. no large storms and no severe rainfall deficit. Insect population dynamics are expected to depend on both the availability of host material and the abiotic conditions for development and reproduction (Kausrud et al. 2011) . After large storms the defense capacity of partially damaged, standing trees is likely reduced and thus a temperature or a rainfall effect on the beetles is less important because the insect populations may have surpassed thresholds that allow attack of healthy trees. Similarly to other bark beetle species, controls of I. typographus populations. Our results suggest that greater efforts should be made to integrate temperature warming, drought and storm effects into future scenarios of bark beetle outbreaks under global change (Seidl et al. 2009 , Stadelmann et al. 2013a , Temperli et al. 2014 as their effects are not always additive. In particular the positive effect of warming temperatures was important only when no other abiotic triggers were present. These results are in contrast to expectations based on other bark beetles species showing that the compounded effects of several abiotic stressors should be larger than the contribution of the single one (Raffa et al. 2008 , Buma 2015 , Millar and Stephenson 2015 . Moreover, increased competition for hosts after population eruptions can provide a natural mechanism for population decline (Marini et al. 2013) , thereby increasing forest resilience at the regional scale. Despite this negative density-dependence, forest impacts during outbreaks can still be very large. Due to the central role of suitable breeding material in I. typographus population dynamics, it is crucial to implement long-term mitigation strategies to minimize availability of storm-felled and stressed standing spruce trees. Thus, more knowledge is needed about how different forest management methods affect spruce forest resistance to storms and subsequent bark beetle attacks (Stadelmann et al. 2013b , Temperli et al. 2014 . A large proportion of variation in timber loss was dependent on variables that are beyond the influence of forest management (Seidl et al. 2015) . Hence, finding generality in these complex climatic effects across different geographical areas is an important step in predicting forest disturbance regimes and understanding their ecological significance.
